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LEXINGTON 


M \ S S A C H U S E T T S 


ABSTRACT 


The  current  objectives  of  the  electrooptical  device  program  are:  (1)  to  perform  life 
tests  on  GalnAsP/lnP  double-heterostructure  (Dll)  diode  lasers  operating  in  the  1.0- 
to  1.2-pm  wavelength  region  and  analyze  the  degradation  mechanisms,  and  (2)  to  fab- 
ricate and  study  avalanche  photodiodes  of  similar  composition  GalnAsP  operating  in 
the  same  wavelength  region. 

In  the  diode  laser  part  of  the  program,  11  DII  GalnAsP/lnP  lasers,  operating  contin- 
uously at  room  temperature,  have  been  placed  on  life  test.  The  first  three  devices, 
fabricated  from  one  wafer,  have  logged  over  4000,  3600,  and  3200  hours,  respec- 
tively, without  degradation,  and  are  still  in  operation.  The  eight  devices  fabricated 
from  two  additional  wafers  also  show  no  evidence  of  internal  degradation.  However, 
a laser  end-face  contamination  problem  is  present  in  several  of  the  newer  devices. 
Although  this  contamination  can  be  removed  from  most  of  the  devices  by  simple 
cleaning,  improved  fabrication  procedures  are  currently  being  developed  to  elimi- 
nate the  sources  of  the  contamination. 

The  p-n  junction  location  in  DII  GalnAsP/lnP  diode  lasers  has  been  determined  by 
use  of  a scanning  electron  microscope.  Even  though  undoped  orSn-doped  quaternary 
layers  are  n-type  if  grown  on  insulating  substrates,  the  quaternary  layers  in  the 
lasers  are  p-type,  presumably  due  to  Zn  diffusion  from  the  Zn-doped  InP  capping 
layer. 

As  part  of  the  avalanche  photodiode  program,  proton  bombardment  and  ion  implanta- 
tion in  InP  have  been  investigated  for  use  in  diode  fabrication.  A study  of  proton 
bombardment  in  InP  indicates  that  the  resistivity  of  n-type  Inl’  can  be  increased  only 
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to  a level  of  about  10  fi-cm,  while  the  resistivity  of  p-type  InP  can  be  increased  to 

g 

>10  Sl-cm  for  an  optimum  multiple-energy  dose  or  an  optimum  combination  of  dose 
and  post-bombardment  anneal.  The  results  can  be  explained  by  a model  which  as- 
sumesthat  the  proton  bombardment  creates  both  deep  donor  and  deep  acceptor  levels. 

The  ion  implantation  of  Se,  Si,  Be,  Mg,  Cd,  and  Fe  in  InP  is  under  investigation. 
As  expected.  So  and  Si  implants  followed  by  a 750® C,  15 -min.  anneal  result  in  n-type 
layers,  while  Be,  Mg,  and  Cd  implants  followed  by  a similar  anneal  result  in  p-type 
layers.  Implantation  of  Fe  has  been  found  to  be  quite  effective  in  creating  high- 

resistivity  layers  in  n-type  InP.  A multi-energy  Fe  implant  in  n-type  InP  (n  4 x 
l6  — 3 

10  cm  followed  by  annealing  at  725®C  for  15  min.  yields  layers  with  a resis- 

7 

tivity  of  approximately  10  n-cm. 

In  the  liquid-phase  epitaxy  (EPE)  of  InP  for  avalanche  photodiodes,  a high  distribu- 
tion coefficient  impurity,  identified  as  silicon,  has  been  shown  to  be  a key  problem 
in  achieving  required  high-purity  layers.  It  was  found  not  only  that  the  Si  concentra- 
tion of  as-received  In  is  too  high,  but  also  that  the  LPE  growth  solution  can  be  con- 
taminated with  Si  through  direct  or  indirect  contact  with  quartz  if  a strongly  reducing 
gas  such  as  dry  II2  is  present  in  the  growth  tube. 
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ELECTROOPTICAL  DEVICES 


L 4000-HOUR  CONTINUOUS  CVV  OPERATION  OF  DOUBLE-liETEROSTRUCTU RE 
GalnAsP/lnP  LASERS 

1 2 

State-of-the-art  fused  silica  fibers  have  both  minimum  attenuation  and  minimum  dispersion 
in  the  1.1-  to  1.3-pm  region.  Diode  lasers  with  emission  wavelengths  in  this  region  would  there- 
fore be  optimum  light  sources  for  fiber  optics  communication  systems  if  they  had  long  enough 

operating  times.  Three  ternary  and  quaternary  double-heterostructure  (DII)  systems  have 

3 — 5 £) 

been  explored  for  use  in  this  region,  namely,  GaAsSb/AlGaAsSb,  InGaAs/inGaP,  and 
7 — 10 

GalnAsP/lnP,  and  CW  operation  at  room  temperature  has  been  achieved  for  all  three  sys- 
tems. However,  operating  times  longer  than  21  hrs  have  not  been  reported  for  any  of  these  de- 
vices. In  this  report,  we  discuss  our  initial  results  on  life  tests  of  DH  GalnAsP/lnP  lasers. 

The  first  three  lasers  to  be  put  on  life  test  have  been  in  continuous  operation  at  room  tempera- 
ture in  an  ambient  air  for  4000,  3600,  and  3200  hrs,  respectively,  without  evidence  of  degrada- 
tion. These  lasers,  which  emit  at  1.15  pm,  are  still  in  operation.  Additional  devices  from  new 
wafers  with  emission  wavelengths  near  1.22  pm  have  recently  been  put  on  test. 

The  GalnAsP/lnP  lasers  are  stripe-geometry  devices  made  by  proton  bombardment  of  het- 
erostructures  prepared  by  growing  successive  liquid-phase-cpitaxial  (LPE)  layers  of  InP, 
GalnAsP,  and  InP  on  ( 1 1 1)B -oriented  melt-grown  InP  substrates.  For  a typical  1.15-pm  laser, 
the  thickness,  dopant,  and  carrier  concentration  of  each  LPE  layer  are  listed  in  Table  I.  The 
stripe  width  is  13  pm,  and  the  cavity  lengtli  is  380  to  400  pm.  The  fabrication  procedure  is  dis- 
cussed in  greater  detail  in  Appendices  A and  B (Refs.  8 and  9). 


TABLE  1 

LPE  LAYERS  OF  GalnAsP/lnP  DOUBLE  HETEROSTRUCTURE 

Layer 

Material 

Thickness 

(urn) 

Dapant 

Carrier 

Concentratian 

(cm 

1 

n-lnP 

2 

Sn 

4 X lo'® 

2 

"•^°0.16'"0.8/^0.3/0.61 

0.5 

Sn 

3 X lo'^ 

3 

p-lnP 

2 

Zn 

3 X lo'® 

For  room -temperature  CW  operation,  each  diode  is  indium  soldered  (grown  side  down)  to 
a copper  block  which  is  inserted  in  the  life  test  setup.  The  initial  three  devices  are  operating 
in  a comparatively  crude  setup  consisting  of  a copper  heat  sink,  through  wliich  methanol  is  cy- 
cled to  maintain  the  heat- sink  temperature  at  24  ± 2®C.  During  operation,  the  temperature  of 
the  aetive  region  of  the  laser,  as  determined  from  the  measured  temperature  dependence  of  the 
emission  wavelength,  is  about  10“ C higher  than  the  heat-sink  temperature.  A new,  more  so- 
phisticated setup  deseribed  later  in  this  report  is  being  used  for  more  roeently  initiated  tests. 
The  laser  output  power  is  monitored  continuously  with  a calibrated  silicon  solar  cell,  and  the 
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Kig.  1.  Diode  current  vs  operating  time  for  three  CW  GalnAsP/lnP  DH  lasers 
C\V-1,  CW-2,  and  CW-3  with  single -facet  output  powers  of  2,  4,  and  4 mW 
(±20  percent),  respectively,  at  an  emission  wavelength  of  ~1.15  fim. 


WAVELENGTH  (A) 

Fig,  2.  Spectrum  of  laser  CW-1,  after  4000  hrs 
of  room-temperature  CW  operation. 
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DC  operating  current  is  adjusted  periodically  to  keep  the  output  power  constant  to  within  ±20  per- 
cent. The  threshold  current  is  checked  periodically,  and  the  laser  spectrum  is  measured  from 
time  to  time  by  foeusing  the  radiation  into  a grating  spectrometer  provided  with  a cooled  S-1 
photomultiplier. 

Figure  1 shows  the  diode  operating  current  as  a funetion  of  time  for  GalnAsP/lnl^  lasers 
CW-l,  CW-2,  and  CW-3  over  their  first  4000,  3600,  and  3200  hrs,  respectively.  The  lasers 
are  maintained  at  constant  output  of  2 mW  for  CW-l  and  4 mW  for  CW-2  and  CW-3.  No  signif- 
icant changes  in  the  operating  current  have  been  observed;  the  small  ehanges  in  current  shown 
in  Fig.  1 were  due  to  ehanges  in  the  heat-sink  temperature,  not  to  laser  degradation.  The  thresti- 
old  currents  (27  5,  3 30,  and  450  mA,  respectively)  also  varied  somewhat  with  temperature,  but 
otherwise  remained  constant  with  time.  Figure  2 shows  the  output  spectrum  of  laser  CW-l  at 
289  mA  after  4000  hrs  of  CW'  operation.  The  spectrum  is  identical  to  that  obtained  at  the  same 
current  prior  to  the  lifetime  tests.  Our  measurements  also  indicate  that  tfie  differential  quan- 
tum effieieneies  of  these  deviees,  whieh  are  typically  10  to  11  percent  per  face,  have  also  re- 
mained unchanged. 

Two  new  wafers  have  been  successfully  processed  and  fabricated  into  proton-defined  stripe 
lasers  with  threshold  current  densities  of  approximately  5 kA/cm  . Fight  of  these  lasers,  emit- 
ting at  1.22  [jLm  with  power  outputs  of  2 to  4 mW  per  face,  are  now  on  life  test  in  a new  life  test 
setup,  which  is  shown  in  Fig.  3.  This  new  setup  employs  a ttiermoolcctric  heatcr/cooler  assem- 
bly and  a temperature  controller  to  maintain  the  heat- sink  temperature  to  within  0.1®C.  ICach 
individual  laser,  mounted  in  a diode  package  for  CW  operation,  is  attached  to  t!ie  heat  sink  and 
is  enclosed  in  a chamber  with  provision  for  control  of  the  ambient  atmosphere.  Operating  cur- 
rent for  each  device  is  provided  by  a separate  current  supply  which  can  be  adjusted  to  within 


Fig.  3.  Photograph  of  improved  life-test  setup. 
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0.1  mA.  Optical  fibers  are  utilized  for  output  coupling,  and  the  light  output  of  each  device  is 
monitored  by  a large -area  germanium  photovoltaic  cell. 

Several  devices  recently  tested  appear  to  suffer  from  contamination  of  the  laser  end  faces, 
resulting  in  a reduction  of  output  power.  The  problem  has  been  traced  to  inadequate  cleaning 
procedures  prior  to  and  after  packaging  of  the  laser.  One  suspected  source  of  the  contamina- 
tion is  incomplete  removal  of  the  flux  used  in  the  mounting  process.  Improved  cleaning  tech- 
niques as  well  as  methods  for  facet  protection  are  under  development  and  show  considerable 
promise. 

The  dependence  of  threshold  current  as  a function  of  active  layer  thickness  has  also  been 

measured  for  several  devices.  The  thickness  for  the  active  layer  was  determined  from  an  SEM 

(scanning  electron  microscope)  photomicrograph  of  the  cleaved  and  etched  facet  of  each  device. 

For  lasers  emitting  at  1.15  to  1.22  pm,  the  active  layer  thickness  for  minimum  threshold  cur- 

2 

rent  is  in  the  0.1-  to  0.2-|jLm  range.  The  lowest  pulsed  thresholds  of  2.2  kA/cm  on  a broad- 

2 

area  device  and  5 kA/cm  on  a stripe-geometry  laser  were  obtained  on  a wafer  with  an  active 
layer  0.12  pm  in  thickness. 

These  initial  life-test  data  on  GalnAsP/lnP  lasers  provide  a very  encouraging  indication 

that  devices  of  this  type  will  prove  to  be  sufficiently  reliable  for  use  as  light  sources  in  fiber 

optics  communication  systems.  It  is  of  particular  interest  that  the  lasers  are  fabricated  from 

5 -2 

heterostructures  grown  on  InP  substrates  with  dislocation  densities  of  about  5 x 10  cm  , since 

GaAs/AlGaAs  lasers  grown  on  substrates  with  such  high  dislocation  densities  would  have  very 

short  lifetimes.^  ^ This  suggests  that  GalnAsP/lnP  lasers  may  not  be  subject  to  the  same  deg- 

1 2 

radation  mechanisms  that  are  responsible  for  the  failure  of  GaAs/AlGaAs  lasers. 

C.  C.  Shen 
J.  J.  IJsieh 
T.  A.  Lind 

II.  DETERMINATION  OF  THE  p-n  JUNCTION  LOCATION  IN  DOUBLE- 
HETEROSTRUCTURE  GalnAsP/lnP  DIODE  LASERS 

The  actual  position  of  the  p-n  junction  in  DH  GalnAsP/lnP  lasers  has  been  investigated  by 
means  of  a scanning  electron  microscope.  The  DH  samples,  which  are  similar  to  those  de- 
scribed in  the  previous  section,  were  prepared  by  growing  successive  LPE  layers  of  n-InP, 
n-GalnAsP,  and  p-InP  on  (11  l)B-oriented  melt-grown  n-InP  substrates.  The  two  barrier  layers, 

namely  n-InP  and  p-InP,  were  doped  with  Sn  and  Zn,  respectively,  to  a carrier  concentration 
18  —3 

^^3  X 10  cm  and  the  GalnAsP  active  layers  were  either  undoped  or  Sn-doped.  The  as-grown 

1 6 

GalnAsP  layers  were  determined  to  be  n-type  with  carrier  concentrations  varying  from  10  to 
17  -3 

10  cm  , as  determined  from  Hall  measurements  made  on  layers  grown  under  the  same  con- 
ditions on  semi-insulating  InP  substrates.  Both  InP  layers  are  2 to  3 pm  thick,  while  the  thick- 
ness of  the  GalnAsP  layer  varied  from  0.1  to  1 pm.  The  growth  temperature  and  the  growth 
time  for  the  p-InP  layer  are  typically  620 ®C  and  10  min.,  respectively. 

The  wafers  were  processed  into  broad-area  lasers,  following  the  fabrication  procedures 
described  earlier  (Appendix  B and  Ref.  9).  Devices  with  normal  I-V  characteristics  and  mirror- 
like cleaved  facets  were  selected  for  further  investigations. 

The  heterojunction  interfaces  were  delineated  by  etching  the  cleaved  cross  sections  in  a 
solution  of  3H2S0^:  IH2O2:  IH2O  at  room  temperature  for  20  sec.  The  cleaved  faces  were  ex- 
amined in  the  SEM,  both  in  the  usual  secondary  emission  mode  amd  in  the  induced  current  mode. 
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Fig.  4.  SKM  photomicrograph  of  the  cleaved  and  etehed  eross  seetion 
of  a DH  GalnAsP/lnP  laser.  An  induced  current  trace  was  super- 
imposed on  the  secondary  emission  image  (X  13,000). 

In  the  latter,  the  display  was  deflection  modulated  by  the  p-n  junction  current  due  to  electron- 
hole  pairs  generated  by  the  scanning  electron  beam.  A SFM  photomicrograph  of  the  cleaved 
section  of  a typical  broad-area  device  is  shown  in  Fig.  4.  The  two  hcterojunction  interfaces  be- 
tween the  InP  and  GalnAsP  layers  are  revealed  in  the  secondary  emission  image,  and  tlie  loca- 
tion of  the  p-n  junction  is  identified  by  the  peak  of  the  superimposed  induced  current  trace.  I 'or 
all  the  devices  tested  to  date,  the  p-n  junction  was  found  to  coincide  with  the  n-InP/GalnAs P in- 
terface to  within  0.1  pm,  which  indicates  that  the  GalnAsP  layer  has  been  converted  to  p-type 
during  the  growth  of  the  p-InF^  layer.  This  phenomenon  is  presumably  due  to  the  diffusion  of 
Zn  from  the  p-InP  layer  through  the  GalnAsP  region.  Note  that  the  n-InP  layer  remained  n-ty]:)e. 
This  is  the  result  of  the  fact  that  the  n-InP  layer  is  so  heavily  doped  that  the  amount  of  Zn  which 
diffused  into  this  layer  was  insufficient  to  convert  it  to  p-type.  As  a result,  the  p-n  junction 

was  located  at  the  n-Inl^/GalnAsP  interface.  For  the  sample  shown  in  Fig.  4,  the  effective  Zn 

- 1 1 Z -1 

diffusion  coefficient  in  the  GalnAsP  region  is  estimated  to  be  1.4  x 10  cm  sec  at  6Z0‘’('. 
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This  value  is  the  same  order  of  magnitude  as  that  reported  for  Inl^  at  a diffusion  temperature 
of  650'’C  using  a chemical  diffusion  method. 

These  results  suggest  that  the  fast  diffusion  of  Zn  in  GalnAsP  causes  a shift  of  the  p-n  junc- 
tion during  the  growth  process.  In  order  to  prevent  the  p-n  junction  from  occurring  in  the  n-InP, 
a heavily  doped  n-InP  layer  (i.e.,  3 X 10^^  cm  is  required. 

C'.  C\  Slien 
J.  J.  Ilsieh 


III.  PROTON  BOMBARDMENT  IN  Inl^ 

Proton  bombardment  has  previously  been  used  to  make  high- resistivity  layci's  in  both  p- 
14-17  17  18  19 

and  n-type  GaAs,  Al^Ga^^^As,  * and  GaP,  and  this  technique  has  been  applied  to  the 

fabrication  of  a number  of  different  microwave  and  optoelectronic  devices  (for  a summary  of 
applications  see  Ref.  ZO).  Recently,  proton  bombardment  was  used  successfully  to  fabricate 
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stripe-geometry  GalnAsP/lnP^  lasers.  Although  the  resistivity  of  the  bombarded  p-InP  region 
was  apparently  increased  sufficiently  to  confine  the  diode  current  to  the  stripe,  the  electrical 
properties  of  the  bombarded  InP  were  not  measured.  In  this  section,  we  describe  the  initial 
results  of  a study  of  the  effects  of  proton  bombardment  on  the  electrical  properties  of  n-  and 
p-type  InP.  Unlike  results  in  the  Ga-based  III-V  compounds,  it  is  found  that  the  resistivity  of 

3 

n-type  InP  can  be  increased  only  to  about  10  fi-cm,  whereas  that  of  p-type  InP  can  be  increased 

g 

to  >10  fi-cm  for  an  optimum  proton  dose.  A simple  model  appears  to  explain  the  experimental 
results  obtained  up  to  this  time. 

The  InP  samples  used  in  these  experiments  were  cut  from  bulk  (lll)-oriented  n-type,  p-type 

7 

and  high- resistivity  (p  « 10  n-cm)  crystals.  The  carrier  concentrations  of  the  n-type  samples 

A f.  47 

ranged  from  1X10  to  1 x 10  cm  , and  those  of  the  p-type  samples  from  5 x 10  to  5 X 
10^^  cm  After  polishing,  the  B face  of  each  sample  was  etched^^  in  a 1:1:  5:1  mixture  of 
HAc:HC10^HNO^:HCl.  Evaporated  Au  contacts  20  mils  in  diameter  and  <1000  A thick  were 
made  to  the  samples,  either  prior  to  bombardment  or,  when  samples  were  to  be  annealed,  after 

o 

bombardment  and  anneal.  Samples  to  be  bombarded  and  annealed  were  first  coated  with  1000  A 

of  SiO^,  deposited  pyrolytically  at  320®  C.  For  the  purposes  of  these  experiments,  the  effects 

of  the  SiO^  and  the  thin  gold  contacts  on  the  range  of  protons  could  generally  be  neglected.  A 

large-area,  plated  gold  back  contact  was  usually  used  to  contact  the  substrate. 

Both  single -energy  400 -keV  and  multi-energy  proton  bombardments  were  carried  out  with 

+ 22 

the  InP  samples  at  room  temperature.  As  in  earlier  results  on  n -GaAs,  a multiple-energy 

proton  bombardment  was  generally  found  to  be  superior  to  a single-energy  bombardment.  The 

multi-energy  bombardment  schedule  used  was  based  on  a dose  of  N at  400  keV,  0,6  N at  300  keV, 
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0.3  N at  200  keV,  and  0,2  N at  lOO  keV,  where  N is  the  dose  at  400  keV  in  cm  , (There  is 
some  indication  that  an  additional  dose  of  0.1  N at  50  keV  may  provide  an  even  more  ” uniform- 
damage"  region.)  The  depth  to  which  this  bombardment  schedule  affects  the  resistivity  of  the 
InP  was  found  to  be  approximately  3.8  \jjn,  as  determined  from  the  capacitance  (5.9  pF)  of  a 
20-mil-dia.  Au  contact  on  p-type  InP  bombarded  with  an  optimum  dose  (see  below). 

For  bombarded  n-type  InP,  the  current-voltage  characteristics  of  the  Au-InP  contacts  are 
generally  linear.*^  The  contact-to- substrate  resistance  increases  with  proton  dose  up  to  a max- 
imum value  of  550  to  800  Q,  irrespective  of  initial  carrier  concentration,  although  devices  on 
samples  with  lower  initial  concentrations  generally  have  the  higher  maximum  resistances. 

These  maximum  resistance  values  correspond  to  an  average  resistivity  in  the  bombarded  region 

3 

of  about  (3  to  4)  X 10  Jl-cm.  The  minimum  dose  required  to  achieve  this  resistivity  increases 
slightly  with  increasing  initial  carrier  concentration,  with  multi-energy  bombardment  at  N = lx 
10^^  cm  ^ (see  above  schedule)  being  generally  sufficient  for  1 x 10^®  cm  ^ material.  For  fur- 
ther increase  in  dose,  the  resistivity  begins  to  decrease  slightly. 

On  unbombarded  or  lightly  bombarded  p-type  InP,  the  electrical  characteristics  of  the 
Au-InP  contacts  are  those  of  a Schottky  barrier  on  p-type  material.  With  increasing  proton 
dose,  the  current- voltage  characteristics  become  more  symmetrical,  the  resistance  increases 
dramatically,  and  the  capacitance  decreases  to  a minimum  of  about  5,8  pF.  For  a dose  which 
maximizes  the  resistance,  the  current  is  linear  with  voltage  out  to  at  least  ±25  V,  with  the  ob- 

g 

served  resistance  corresponding  to  a resistivity  >10  j^-cm.  The  optimum  multiple-energy  dose 
corresponds  to  a N of  approximately  3 x 10^^  cm  for  material  with  p = 5 x 10^^  cm  and 
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« The  gold  contacts  on  InP  samples  with  n < 10  cm  behaved  as  leaky  Schottky  barriers  before 
bombardment,  but  became  linear  after  a bombardment  with  N > 10^^  cm" 2, 
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1*1  *2  IH  ^3 

about  t s 10  cm  ‘‘  for  p ^ 5 x 10  material.  For  doses  hlglier  than  the  optimum,  the 

bombarded  layer  apparently  becomes  n-type.  tlie  resistivity  decreases  and  the  I-V  character- 
istics of  the  devices  begin  to  look  like  those  of  p-n  diodes.  For  high  doses  (N  fc  3 x 10^^  cm*^), 
the  diffusion  voltage  extrapolated  from  the  forward  I-V  characteristics  of  these  diodes  Is  0.8  to 
0,9  V and  the  forwatxl  series  resistance  is  approximately  900  fi. 

To  confirm  this  apparent  n-type  conductivity  at  high  doses.  Hall  measurements  of  the 
23 

»an  der  Fauw  type  ' were  made  on  heavily  bombarded  layers  in  p-type  and  Fe-doped  (Initial 

p ^ 10^  fi-cm)  material.  Several  of  the  Fe-doped  samples  had  a thin  Mg  ion-implanted  p-type 

•>1  13—2  2 
layer‘“'*  with  a sheet  concentration  of  4 x 10^*^  cm*  and  a mobility  of  80  cm  /V-sec.  After  a 

15  -2 

standard  multi-energy  bombardment  with  N • (1  or  3)  x 10  cm  , n-type  conductivity  was  ob- 
served on  all  samples.  For  a 3.8-jjLm-deep  bombarded  region,  parameter  values  of  p ^ 200  to 
1000  l>-cm,  n (0.4  to  1)  x 10^^  cm"^.  and  p 100  to  500  cm^V-sec  were  obtained.  These  re- 
sistivities  are  somewhat  lower  than  the  «4  x 10  n-cm  obtained  from  I-V  measurements  on  the 
Au-Inl^  contacts.  However,  the  resistivities  determined  from  the  I-V  measurements  could 
be  too  high  due  to  unaccounted-for  ^orics  resistance,  whereas  those  determined  from  tlie 
van  der  Pauw  measurements  could  be  too  low  due  to  current  leakage  through  the  substrates. 

A simple  model  which  appears  to  explain  these  results  is  shown  in  Fig.  5.  In  this  model, 
we  assume  that  the  proton  bombardment  creates  one  or  more  each  of  both  deep  donor  and  deep 
acceptor  levels,  as  shown  in  Fig.  5(a).  It  is  not  material  to  this  simple  model  whether  the  donors 
or  acceptors  are  closer  to  the  conduction  band  edge;  however,  if  they  are  associated  with  the 
same  defects  or  complexes,  the  acceptor  levels  for  any  particular  center  would  bo  closer  to  the 


DEEP  ACCEPTORS  { 

E OPIPPS  I ' 


- HIGH  DOSE  E., 


DOSE  (ern^)  DOSE  (cm^) 

n-TYPE  P-type 

(b)  (c) 

Fig.  5.  Simple  model  for  effects  of  proton  bombardment  in  InP:  (a)  position 
of  Fermi  level  for  high  doses,  (b)  effects  on  n-type  material,  and  (c)  effects 
on  p-type  material. 
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eonduction  band  edge.  In  n-type  material,  the  Fermi  level  moves  downward  with  increasing 
proton  dose,  until  it  becomes  pinned  at  a position  designated  as  the  high-dose  Fermi  level,  as 
shown  in  Fig.  5(b).  Because  of  some  spread  in  the  measured  high-dose  resistivities  and  uncer- 
tainty ill  the  value  for  the  mobility,  the  high-dose  Fermi  level  can  be  located  only  within  a range 
0.3  to  0.34  cV  above  the  intrinsic  Fermi  level.  At  this  level,  the  resistivity  is  of  the  order  of 

3 

10  n-cm.  I 'or  very  high  doses,  banding  of  the  defect  levels  will  probably  produce  the  observed 
reduction  in  resistivity.  In  p-type  material,  the  Fermi  level  moves  upward  witli  inercasing  pro- 
ton dose,  as  shown  in  Fig.  5(c).  When  the  Fermi  level  reaches  a point  near  the  intrinsic  I'crmi 
level  the  resistivity  becomes  a maximum.  For  still  higher  doses,  the  Fermi  level  continues  to 
move  toward  t!ie  conduction  band  until  it  is  pinned  at  the  high -dose  level  and  the  bombarded  layer 
becomes  weakly  n-type,  as  observed. 

The  annealing  characteristics  of  these  proton-bombarded  InP  layers  arc  also  of  interest. 

and  the  behavior  was  found  to  be  qualitatively  similar  to  that  reported  for  proton-I^ombarded 
19  + 22 

GaP  and  n -GaAs.  Table  II  summarizes  the  pertinent  results  obtained  on  p-type  material 

18  ”3 

with  an  initial  carrier  concentration  of  5 X 10  cm  . This  table  lists  the  resistance.  \l  , 

o 

measured  on  a curve  tracer,  and  the  capacitance,  C,  measured  at  500  k!!z,  of  three  samples 
bombarded  with  different  doses,  portions  of  which  were  annealed  for  15  min.  at  several  diffenmt 

g 

temperatures  up  to  400®C.  For  an  ideal  3. 8- [im- thick  layer  of  10  fi-cm  material,  t!ie  resis- 
tance and  capacitance  of  a 20-mil-dia.  gold  contact  would  be  18.7  Mil  and  about  5.8  pF,  respec- 
tively. Several  points  can  be  noted  from  the  data  of  Table  II.  Witli  increasing  dose,  the  anneal 
temperature  at  which  the  resistivity  is  maximum  also  increases.  Fndcrannealing  results  in 
n p junctions  with  high  forward  resistance  (as  in  high-dose  unannealed  samples),  whereas  over- 
annealing results  in  Schottky  barriers  on  p material  (as  in  low-dose  unanncaled  samples).  This 
pattern  of  annealing  characteristics  can  be  qualitatively  explained  I^y  postulating  that  more  than 
one  type  of  compensating  defect  or  complex  is  being  created  by  tlic  proton  bombardment  and  that 
each  type  anneals  out  at  a somewhat  different  temperature. 

A typical  I-V  characteristic  of  a device  on  sample  1 annealed  at  200  C’  is  sliown  in  Fig.  6. 

g 

The  resistance  at  zero  voltage  corresponds  to  a resistivity  of  5 x 10  S2-cm.  Very  little  leakage 


Fig.  6.  Current-voltage  characteristics  of  20-mil-dia. 
gold  contacts  on  multi-energy  proton-bombarded  p^-LnP 
(p  5 X 10^®  cm“^)  sarrmlc.  The  InP  was  bombarded  with 
proton  doses  of  1 X 10l4  cm"^  at  400  keV,  6 X 10^^  cm“^ 
at  300  keV,  3 X 10^3  cm-2  at  200  keV,  and  2 x 10^^  cm“2 
at  100  keV  and  post-annealed  at  200®C  for  15  min. 


9 


current  flows  out  to  ±40  V,  where  the  average  electric  field  is  V/em.  The  capacitance 

(measured  at  500  kHz)  of  the  same  device,  as  well  as  devices  from  sample  3 annealed  at  400  °C, 
was  typically  6.0  pF  (slightly  larger  than  that  observed  on  unannealed  samples and  showed 
little  variation  with  voltage  out  to  ^45  V in  either  bias  direction.  However,  the  zero-bias  capac- 
itance and  AC  resistance  measured  on  a bridge  were  found  to  be  frequency  dependent  over  the 
range  5 to  500  kHz.  This  is  shown  in  Fig.  7 for  devices  on  the  same  two  samples.  The  AC 


Fig.  7.  The  AC  resistance  and  capacitance 
of  20-mil-dia.  gold  contacts  on  two  multi- 
energy proton-bombarded  p = 5 x 10 18  cm'^ 
InP  samples.  The  samples  are  Sample  1 of 
Table  II  annealed  at  200 '’C  and  Sample  3 an- 
nealed at  400‘’C- 


-1  /2 

resistance,  r,  is  proportional  to  f ' at  higher  frequencies,  while  the  capacitance,  C,  de- 
creases with  frequency,  asymptotically  approaching  a constant  value  at  the  higher  frequencies. 
This  type  of  behavior  is  similar  to  that  observed  in  proton-bombarded  n^-GaAs,^^  and  is  be- 

o c o Z 

lieved  to  be  due  to  a hopping  type  of  conductivity. 

J.  P.  Donnelly 
C.  F.  Hurwitz 


IV.  ION  IMPLANTATION  IN  InP 

Ion  implantation  is  being  investigated  as  a technique  for  fabricating  avalanche  photodiodes 
in  GalnAsP.  Initial  studies  are  being  carried  out  in  InP  as  this  material  is  more  readily  avail- 
able and  is  quite  similar  in  properties  to  GalnAsP.  It  is  expected  that  the  technology  can  be 
readily  adapted  to  the  quaternary  material.  In  this  section,  some  initial  results  on  the  use  of 
implantation  to  create  n-type,  p-type,  and  high- resistivity  layers  in  InP  will  be  summarized. 
Details  of  the  encapsulation  system  and  of  the  implantation  results  will  be  given  in  subsequent 
reports. 

In  general,  post- implantation  anneal  temperatures  of  725®  to  750 ®C  were  required  to  achieve 
high  electrical  activity  of  the  implanted  ion  species.  To  protect  the  InP  at  these  temperatures, 
a pyrolytic  phosphosilicate  glass  (PSG)  encapsulation,  which  permitted  reproducible  annealing 
at  temperatures  in  excess  of  7 50°C,  was  developed. 
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For  n-type  layers,  400-keV  Se^  or  Si^  ions  were  implanted  into  high- resistivity  (p  ^ 10^  cm) 
Fe-doped  InP  substrates  held  at  both  room  temperature  and  200 "C\  I'or  doses  of  10  Se  /cm  , 
the  sheet  carrier  concentration  of  the  implanted  layers  did  not  depend  on  the  substrate  tempera- 
ture, whereas  the  sheet  mobility  was  consistently  ^20  percent  higher  on  the  samples  implanted 
at  200 ®C.  For  doses  >10  SeV^na  , higher  values  of  both  sheet  carrier  concentration,  and 

mobility,  were  obtained  for  implants  made  into  the  heated  substrates.  Following  a 7 50°C, 

15-min.  anneal,  samples  implanted  at  200 ®C  with  1 x 10^"^  Sc^/cm^  exhibited  a N of  7.8  x 

132  2 15'^2  ^ 

lO^"^  cm  and  a p of  1810  em  /V-see.  At  a dose  of  1 x 10  ^ Se  /cm  . N and  p were  3 x 

14  “2  ^2  s s 

10  cm  and  1300  cm  /V-sec,  respectively,  which  corresponds  to  a sheet  resistivity  of 

l6  fi/D.  The  results  obtained  with  Si^  were  similar  to  those  using  Se^  ions. 

To  make  p-type  layers  in  Fe-doped  Lni^,  Be^,  IMg^,  and  Cd^  were  implanted  at  50,  150.  and 

400  keV,  respectively.  Mg^  was  also  implanted  into  n-type  InP  (n  4 x 10^^  em  with  results 

similar  to  those  obtained  in  the  high-resistivity  substrates.  Implantation  of  IVlg^  into  substrates 

at  room  temperature  resulted  in  higher  sheet  carrier  concentrations  tlian  implantation  into  heated 

substrates.  Samples  implanted  at  room  temperature  with  1 X 10^"^  I\lgVc‘m^  and  annealed  at 

13-2  2 

750°C  for  15  min.  yielded  values  of  N and  p of  5.2  x 10  cm  and  83  cm  /V-see,  respec- 

+ ® s 

lively.  For  the  heavier  ion,  Cd  , however,  the  opposite  result  was  found,  and  higher  sheet  car- 
rier concentrations  were  obtained  on  samples  implanted  at  200° C\  For  a sample  implanted  at 

200°C  with  1 X 10^^  ('dVem^  and  annealed  at  7 50°C,  N and  p were  3.6  x lO^^  cm  ^ and 
2 s ^s 

90  em  /V-sec,  respectively. 

In  the  preceding  section  it  w'as  noted  that  proton  bombardment  could  convert  p-type  InP  to 

high- resistivity  material  (p  > 10  Sl-em),  but  that  this  technique  was  not  similarly  useful  for 

substantially  increasing  the  resistivity  of  n-type  material.  Implantation  of  F'e,  however,  was 

found  to  be  quite  effective  in  creating  high- resistivity  layers  in  n-type  InP.  A multi-energy 

l6  -3 

(flat  profile)  F'e  implant  in  n-type  InP  (n  - 4 x 10  cm  ) followed  by  a 725° C 15-min.  anneal 
resulted  in  layers  with  a resistivity  of  approximately  10^  n-cm. 

J.  V.  Donnelly 
C.  F.  Ilurwitz 


V.  Si  CONTAMINATION  OF  LPF  InF 

Our  early  attempts  to  grow  high-purity  InP  by  liquid- phase  epitaxy  from  an  In- rich  solution 
have  shown  that  silieon  contamination  is  a key  problem.  Not  only  is  the  Si  concentration  in  as- 
received  In  too  high  for  our  requirements,  but  the  growdh  solution  can  be  further  contaminated 
through  direct  or  indirect  contact  with  quartz  if  a strongly  reducing  gas  such  as  dry  II2  is  present 
in  the  growth  tube.  Reports  in  the  literature  on  FPIO  growth  of  high-purity  InP  have  been  incom- 
plete in  that  the  partial  pressure  of  112^^  atmosphere  of  Il2  over  the  growth  has  either  not 

been  measured  or  has  not  been  reported,  and  it  is  this  parameter  that  determines  the  equilib- 
rium concentration  of  Si  in  the  growth  solution  at  a given  temperature.  A similar  situation  ex- 

27  2 8 

ists  for  the  Si  contamination  of  C a- rich  growth  solutions  for  GaAs  growth.  ' However,  the 

distribution  coefficient,  k^.,  wdiich  is  the  ratio  of  the  Si  eoneentration  in  the  growth  to  that  in 

M 29 

the  solution,  is  much  less  than  1 for  GaAs  but  is  =^30  for  InP.  With  this  large  kg.,  the  minimum 
donor  eoneentration  that  can  be  expected,  using  our  best  as- received  In  with  a few^  ppm  Si,  is 
~1  X 10  cm  . 
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Fig.  8.  Results  of  a calculation  of  the  Si  concentration  in  an  In  solution, 
in  equilibrium  with  Si02,  as  a function  of  temperature  and  H2O  vapor 
pressure.  Lines  of  constant  Si  concentration  are  labelled  by  the  donor 
carrier  concentration  in  InP  grown  from  In- rich  solution,  assuming 
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The  mechanism  for  Si  contamination  from  the  vapor  is  a two-step  process.  First,  during 
baking  or  growth,  gaseous  SiO  is  formed  by  the  reaction 

SiO^is)  + U^ig)  -SiO(g)  + U^^Oig)  , 

where  s,  I,  and  g specify  the  solid,  liquid,  or  gaseous  phase  of  the  substrate.  In  the  second 
step,  the  SiO  is  reduced  by  contact  with  the  molten  In,  and  the  Si  dissolves  in  the  solution 

2In(i)  + SiO(g)  - In20(g)  + Si(i ) . 

Weiner  has  worked  out  the  kinetics  of  the  Si  contamination  of  a Ga  solution  as  a function  of  tem- 
perature and  partial  pressure  of  H^O  (Ref.  28).  By  using  thermodynamic  values  in  the  litera- 
ture for  the  free  energy  of  In^O  and  the  solubility  of  Si  in  In,  it  is  possible  to  make  similar  cal- 
culations for  the  Si  contamination  of  In  solutions.  An  interesting  second  case  considered  by 
Weiner  is  that  of  direct  Ga  contact  with  a silica  boat,  whereby  contamination  can  occur  by  the 
reaction  (written  here  in  terms  of  In  instead  of  Ga) 

Si02(s)  + 4In(i)  — 2In20(g)  4 Si(i) 

This  reaction  is  of  interest  even  without  the  silica  boat  because  if  driven  to  the  left  by  a suffi- 
ciently high  In^O  pressure  (controlled  by  the  H^O  pressure),  purification  of  the  In  is  achieved. 
The  SiO^  formed  presumably  floats  to  the  surface  where  it  either  does  not  interfere  with  the 
growth  or  can  be  etched  away.  Again,  it  is  possible  to  calculate  the  kinetics  and  the  equilib- 
rium values  for  the  purification  process,  except  that  the  limiting  rate  is  expected  to  be  set  by 
the  diffusion  of  Si  to  the  In  surface,  rather  than  by  the  flow  of  gaseous  reactants  to  the  In  sur- 
face, as  treated  by  Weiner.  In  Fig.  8,  we  show  results  of  the  equilibrium  concentration  calcula- 
tions. By  assuming  kg.  = 30,  we  have  expressed  the  Si  concentration  as  a minimum  donor  con- 
centration in  the  epitaxial  InP,  rather  than  as  a fraction  of  the  growth  solution.  The  calculations 

30 

have  been  made  using  free  energy  values  from  the  JANAF  Tables,  as  well  as  the  thermody- 
namic data  from  Refs.  31  and  32. 

In  our  experimental  work,  we  have  assembled  an  LPl'^  growth  system  with  high  vacuum  in- 
tegrity and  have  reduced  vapor  levels  in  it  by  vacuum  baking.  A procedure  followed  in  sev- 
eral early  runs  was  to  give  the  In  an  extended  (>12  hour)  bake  at  '-930®C  under  Pd-diffused  II^* 

Epitaxial  layers  grown  after  this  treatment  have  very  high  donor  concentrations  up  to  the 
19  -3 

mid-10  cm  range.  Mass  spcctrographic  analyses  of  the  In  showed  that  this  baking  treat- 
ment increased  the  Si  content  of  the  In  from  ~10  ppm  to  above  100  ppm.  The  rate  of  Si  contam- 
ination observed  is  predicted  by  the  thermodynamic  calculations  if  tlie  partial  pressure  of  IFO 

—8  ^ 
in  our  system  is  10  atm,  a number  that  is  corroborated  by  the  temperature  at  which  the 

on  the  In  charge  is  reduced,  as  observed  with  a "transparent"  furnace. 

Our  next  efforts  at  In  baking  went  to  the  opposite  extreme  by  utilizing  a source  of  IFO- 

-2  ^ 

saturated  mixed  with  the  Pd-diffused  II^,  giving  a 1^2^  partial  pressure  of  10  atm.  The 

Si  level  in  the  In  baked  in  this  atmosphere  was  not  accurately  determined,  but  it  stayed  under 

the  10 -ppm  level,  and  there  were  indications  in  the  mass  spcctrographic  analysis  that  the  Si 

was  concentrated  at  the  surface,  as  expected  if  converted  to  SiO^.  Net  carrier  concentration 

^ 17-3 

levels  in  epitaxial  layers  grown  from  this  In  were  reduced,  but  only  to  the  1 x 10  cm  level. 

A bake  under  dry  for  6 hours  at  600 “C  reduced  the  net  carrier  concentration  to  the  mid-10^ 
level.  Our  interpretation  of  the  results  with  the  wet  baking  is  that  the  Si  contamination  prob- 
lem has  been  replaced  by  an  contamination  problem.  Solomon  observed  for  growth  of  GaAs 
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from  Ga-rich  solution  that  H^O  or  Ga^O^  added  to  the  growth  atmosphere  or  solution  introduced 
33  ^ ^ j 

donor  impurities.  Our  results  are  understandable  if  behaves  in  a similar  way  for  InP  grown 
from  In-rich  solution. 

An  apparatus  for  In  baking  is  presently  being  assembled  that  will  allow  the  ratio  of  1120  to 
H2  pressures  to  be  set  at  any  level  between  the  very  wet  and  very  dry  extremes  used  heretofore. 
With  this,  we  will  be  able  to  compare  measured  donor  concentrations  with  those  prediced  in 
Fig.  8,  and  we  expect  that  this  apparatus  will  lead  to  considerably  higher  levels  of  purity  than 
we  have  been  able  to  obtain  to  date.  c u ^ 
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Room-temperature  operation  of  GalnAsP/lnP  double- 
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Double-heleroslruclure  Ga^  [ JnomAsQjjPQ  ,7/InP  diode  lasers  emilling  al  1.1  ^m,  with  room-lempcrauire 
pulsed  thresholds  as  low  as  2 8 kA/cm^  have  been  fabncaled  by  liquid-phase  epitaxy  on  melt-grown  InP 
substrates. 


PACS  numbers:  42  60.J,  42.80.S 

Thts  letter  reports  the  room -temperature  operation 
of  Ga^^In^ASj.yPy  InP  double-heterostructure  (DH)  dtode 
lasers.  Broad-area  devices  emitting  at  1.1  p-m  have 
been  fabricated  from  three-layer  films  grown  by  liquid - 
phase  epitaxy  (LPE)  on  InP  substrates.  Pulsed  thresh- 
olds as  low  as  2.  8 kA/em^  have  been  obtained  for  an 
active  region  thickness  of  0.6  )ini.  Wtth  threshold  in 
this  range  it  should  be  possible  to  produce  stripe-geom- 
etry lasers  capable  of  continuous  operation  at  room 
temperature.  Such  cw  lasers  would  be  of  jjarticular 
interest  for  communication  systems  using  optical  fibers, 
which  have  their  minimum  transmission  loss  near  I.  1 
Mm.  * 

Three  different  active-layer  barrier-layer  combina- 
tions have  been  used  for  DH  diode  lasers  emitting  at 
wavelengths  near  1 pm:  Gaj.^In^As  Gaj.^In^P  (Ref.  2), 
GaASi.,Sb/OaiyAlj,Asi.,Sb,  (Ref.  3),  and  Ga,.,In,ASi.^,Py  ^ 
liiP  (Ref.  4).  Pulsed  room -temperature  operation  has 
been  rcixirted  for  the  first^  and  second^  combinations, 
in  both  of  which  the  active  layer  is  a ternary  alloy  be- 
tween GaAs  and  a lower -band -gap  Ill-V  comixiund. 

Since  GaAs  differs  significantly  in  lattice  constant  from 
both  ternaries,  in  each  case  the  barrier  layers  must 
be  formed  by  another  alloy,  whose  composition  can  be 
adjusted  to  give  the  high  degree  of  active /barrier  lat- 
tice matching  that  is  essential  for  efficient  laser  opera- 
tion. Consequently,  the  compositions  of  three  layers  — 
the  active  region  and  both  barriers  — must  be  accurately 
controlUKl  for  optimum  device  i)erformanee.  Further- 
more. to  obtain  epitaxial  layers  of  sufficiently  high 
quality,  it  is  necessary  to  grow  intermediate  alloy 
layers  with  cither  continuous  or  step-wise  composition 
grading  on  the  GaAs  substrates  before  de|X)sition  of  the 
heterostructures.  In  preijaring  GaAsSb  GaAlAsSb  layers, 
for  example,  three  GaAsSb  layers  of  different  com[X)si- 
tions  have  been  grown  between  the  substrate  and  the 
first  GaAlAsSb  barrier.  ^ 

Operation  of  DH  diode  lasers  utilizing  GalnAsP  active 
regions  has  previously  been  limited  to  77  K.  both  for 
emission  near  I pni  (Ref.  4)  and  for  emission  near 
0.  6 Mm  (Ref.  5).  However,  the  quaternary  alloy  offers 
several  (lotential  advantages  because  the  presence  of 
four  comixments  makes  it  ixjssible  to  obtain  the  same 
lattice  constant  as  that  of  InP  over  a range  of  comixisi- 
lions  that  give  energy  gaps  corresixmding  to  any  wave- 
length between  0.92  and  1.7  pm.**  For  1.  1 pm  or  any 
other  wavelength  in  this  range,  only  the  comixisilion  of 
the  active  region  requires  accurate  control  in  order  to 
achieve  excellent  (in  principle,  perfect)  lattice  match- 
ing to  barrier  layers  of  InP,  whose  com|»sition  is  fixed 


because  this  compound  has  a narrow  homogeneity  re- 
gion. The  possibility  of  such  accurate  control  has  been 
demonstrated  by  the  LPE  growth  of  GalnAsP  layers  on 
InP  for  photoemissive  devices’  as  well  as  for  diode 
lasers.*  Furthermore,  the  LPE  growth  procedure  is 
simplified  because  the  heterostructure  layers  can  be 
grown  directly  on  InP  substrates,  without  the  need  for 
intermediate  com jxisit ion -graded  alloy  layers.  In  addi- 
tion, the  elimination  of  lattice  mismatch  from  the  entire 
device  structure  should  cause  a reduction  in  defects  and 
strain,  and  therefore  might  result  in  longer  oi)erating 
lifetimes. 

To  prepare  lasers  that  emit  at  1 . 1 pm,  successive 
layers  of  /> -doped  InP,  undojied  Gao.12lno.08ASo.23Po.77, 
and  j/-doped  InP  were  grown  on  InP  substrates  in  a 
horizontal  sliding  boat  machined  from  high-punty 
graphite.  The  substrates  were  (1  ll)-oricnted  wafers 
cut  from  a Zn-doped  ingot  (/»-  4 ' 10‘"  cm’’)  grown  from 
a stoichiometric  melt  by  the  horizontal  gradient -freeze 
technique."  The  lll-/i  substrate  surface  was  ground 
with  2-pm  alumina  and  then  cheni-mech  ixilished  with 
Br-CHjOH.  All  LPE  layers  were  grown  at  a cooling 
rate  of  0.7  C,  min  from  In-nch  solutions  that  were 
supercooled  by  3 — 10  C below  their  saturation  tcmiiera- 
tures  before  placing  them  in  contact  with  the  substrate 
at  temperatures  near  635  C.  As  in  the  case  of  GaAs 
and  GaAlAs  (Ref.  9).  the  su[)orcooling  technique  yields 
smooth  flat  layers  of  uniform  thickness  The  growth 
solutions  for  the  />-  and  n~iype  InP  layers  were  do[>cd 
with  sufficient  Zn  and  Sn.  resiH'^ctively.  to  give  carrier 
concentrations  of  about  3 • 10‘"  cin'^  according  to  pub- 
lished distribution  data  The  /<-ty[)e  InP  layers  were 
-5  pm  thick,  the  >/-ty[x?  InP  layers  -2  pm  thick,  and 
the  GalnAsP  layers  from  0 2 to  2 pm  thick.  The  active 
layers  were  too  thin  for  accurate  electron  microprobc 
analysis.  The  composition  of  Ga^  j^In^  hhAsq  23Pn.n  was 
found  by  analyzing  somewhat  thicker  layers  grown  under 
the  same  experimental  conditions  (Although  in  iirinci- 
plc  active  layers  could  be  grown  directly  on  the  InP 
substrate,  this  procedure  would  yield  imperfect  layers 
because  some  decomp<isition  of  the  substrate  occurs  by 
preferential  evaporation  of  P during  the  heating  period 
before  LPE  growth.  Better  hctei*ostructurcs  are  ob- 
tained by  first  dejxisiting  an  InP  layer  and  then  imme- 
diately growing  the  GalnAsP  layer  before  decomixisition 
can  occur.  ) 

After  being  removed  from  the  LPE  growth  furnace, 
the  w'afer  w'as  ground  on  the  substrate  side  to  reduce 
its  over-all  thickness  to  about  100  hm.  Contacts  to  the 
ground  /)-lype  surface  and  to  the  as -grown  /i-ty[)e  sur- 
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RELATIVE  EMISSION  INTENSITY 


300K,  OH  (A-22) 

DIODE  AREA  » 0 313  x lO'^cm^ 
* 4.4  k A/cm^ 


j . 4.7k  A/cm^ 
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1093  1097  1.101  1105  1109  1113  1117 

WAVELENGTH  X(pm) 

FIG.  1.  Room-temperature  emission  spectrum  of  pulsed 
GalnAsP/InP  DH  laser  for  drive  current  density  alx>ut  1(Y| 
above  threshold. 


face  were  made  by  evaporating  Au/Zn  and  Au/Sn,  re- 
spectively. and  alloying  at  350  C.  The  wafer  was  then 
sawed  and  cleaved  to  form  diodes  with  Fabry -Perot 
cavities.  A preliminary  evaluation  of  the  diodes  was 
made  by  using  an  infrared  microscope  to  examine  their 
spontaneous  emission  under  forward  bias.  The  radiation 
observed  from  properly  lattice-matched  structures 
originates  mainly  from  the  active  region,  but  the  emis- 
sion is  very  weak  or  undetectable  from  active  regions 
with  compositions  that  do  not  give  the  same  lattice  con- 
stant as  InP. 

Figure  1 is  the  room -temperature  spectrum  of  a DH 
diode  with  an  active  region  about  0.  6 Mm  thick,  mea- 
sured at  a current  density  about  10^  above  the  laser 
threshold  (Jm).  The  radiation  is  concentrated  almost 
entirely  In  a single  peak  at  1. 105  pm.  From  the  spacing 
of  the  cavity  modes,  which  extend  from  1. 095  to  1.113 
pm,  the  effective  refractive  index  is  found  to  be  about 
5. 1.  The  photon  energy  at  the  peak  Is  1.12  eV,  about 
50  meV  less  than  the  energy  gap  given  for 
Gao,i^no.MAso.2jPo.77  by  a published  empirical  relation- 
ship.* Such  differences  are  generally  observed  for  diode 
lasers  because  most  of  the  lasing  transitions  involve 
Impurity  levels. 


FIG.  2.  Room-temperature  power  output  (P()  of  pulsetl 
GalnAsP/InP  DH  laser  vs  Input  current 


linearly  with  fi,  reaches  a minimum  of  - 3 kA/cm^  at 
*^0.4  pm,  and  then  increases  rapidly.  The  lowest  value 
of  «/,h  so  far  obtained  is  2.8  kA/cm^,  which  was  mea- 
sured for  a diode  with  (i  = 0.6  pm  and  a cavity  length 
(L)  of  475  pm.  In  the  linear  region,  the  values  are 
about  70%  higher  than  those  reported^^  for  GaAs/GaAlAs 
DH  lasers  with  the  same  values  of  rl.  The  value  of 
for  a given  GalnAsP/InP  diode  decreases  by  about  a 
factor  of  20  from  300  to  77  K. 

The  variation  of  the  total  output  power  {Pq)  emitted 
from  both  faces  of  a typical  diode  is  plotted  against  in- 
put current  (/,„)  in  Fig.  2.  The  diode  was  driven  by  1- 
psec  pulses  with  a duty  cycle  of  1%,  and  the  output  was 
measured  with  a calibrated  Si  {rfiotodiode.  The  thresh- 
old current  is  about  0.  7 A.  Above  threshold  the  differ- 
ential external  quantum  efficiency  Is  17.  5%,  about  one- 


For  an  active  region  thickness  (</)  of  2 pm,  €7,^*  16 
kA/cm*.  As  fi  is  decreased,  the  value  of  decreases 


FIG.  .1.  Threshold  current  vs  \/L,  where  L is  the  cavity 
length,  for  pulsed  GalnAsP/InP  DH  lasers  emitting  at  1.1  pm. 
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third  the  values  for  state-of-the-art  GaAs  GaAlAs 
DH  lasers,  and  the  differential  power  efficiency  is 
9.  5%.  At  2J,h,  the  total  output  power  Is  135  mW,  and 
the  over-all  power  efficiency  is  4.99[. 

For  lasers  with  r/  = 0.  5 Mm  and  values  of  L between 
90  and  500  Mm.  «/,h  is  found  to  vary  linearly  with  1/L, 
as  shown  in  Fig.  3.  For  the  relationship  a + 

Lii)  in  (1//?),  where  a is  the  loss,  ^ is  the  gain,  and 
f?~0.  29  is  the  reflectivity  of  the  active  layer,  the  ex- 
perimental data  give  0-68  cm'^  and  ii-  30  cm  (kA)‘^ 
The  differential  Internal  quantum  efficiency  calculated 
from  a and  0 is  37%,  about  half  the  value  for  GaAs, 
GaAlAs  DH  lasers. 

In  conclusion,  the  excellent  properties  of  the  DH 
GalnAsP/InP  diode  lasers  even  at  this  early  stage  of 
development,  together  with  their  structural  simplicity 
and  consequent  ease  of  fabrication,  make  them  promis- 
ing devices  for  applications  in  optical  communications 
and  integrated  optical  circuits. 
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Room-teinpcralurc  cw  operalion  ha.s  been  achieved  for  slnpe-geomelry  double-beieroslruciure 
Gao  M -^50.21^0.71 /I nP  diode  lasers  emilling  al  I I pm  The  heleroslruclurcs  were  grown  by  liquid  phase 

epilaxy  on  meil-grown  InP  subsi rales,  and  slnpes  were  defined  by  using  proion  bombardmeni  lo  produce 
high-resisiance  currenl-confining  regions 

PACS  numbers:  42.60Jf.  42.82. -i-n,  85  60.Dw 


Pulsed  operation  at  liquid -nitrogen  temperature^  and 
at  room  temperature*’^  has  been  reported  for  double- 
heterostructure (DH)  diode  lasers  with  a Ga,In,.,As,P,.y 
active  region  lattice  matched  to  InP  barrier  layers  In 
this  letter  we  report  the  cw  room -temperature  opera- 
tion of  GaJnAsP/InP  DH  lasers  The  emission  of  these 
lasers  occurs  at  ^ 1 1 pm,  a wavelength  that  is  advan- 
tageous for  fiber  optics  communication  systems  because 
it  falls  in  a spectral  region  where  the  transmission 
tosses^’ ^ and  dispersion*  of  high -quality  glass  fibers  are 
both  tow.  This  Is  the  longest  emission  wavelength  so 
far  reported  for  diode  lasers  that  operate  continuously 
at  room  temperature.  The  only  other  such  devices  are 
the  GaAs/GaAlAs and  GaAsSb/GaAlAsSb*  DH  lasers, 
for  which  emission  has  been  obtained  from  0.7  to  0. 9 
Mm  and  at  t.O  Mnn,  respectively. 


The  GalnAsP/lnP  heterostructures  were  grown  on 
(1 1 1 )-oriented  InP  substrates  by  a supercooled  liquid- 
phase  epitaxial  (LPE)  technique  * The  procedure  was 
similar  to  the  one  used  in  preparing  pulsed  lasers,^ 
but  the  substrates  were  «-type  wafers  («~2>(t0‘*  cm‘^) 
cut  from  a Sn -doped  Czochralski -grown  crystal,  rather 
than  the  />-type  Zn -doped  wafers  used  previously  The 
tll-^f  substrate  surface  was  ground  with  2 -Mm  alumina, 
chemi-mech  polished  with  Br-CHjOH,  and  then  free 
etched  with  Dr-CHjOH  to  remove  an  additional  10  Mm. 
Three  layers  were  grown  sequentially  on  the  substrate 
an  «-type  InP  layer  (Sn -doped,  n'-4xI0‘*  cm"*),  an  »- 
type  Gao.12Ino.MASo.23Po.77  active  region  (either  undoped 
or  Sn -doped, n ^ 1— 3xlo”  cm”*),  and  a /)-type  InP 
barrier  layer  (Zn -doped,  />-‘3xt0‘*  cm"*)  Figure  1 is 
an  optical  micrograph  of  the  cleaved  edge  of  a hetero- 
slructure  that  had  been  etched  in  a solution  of 
KjFefCNlg  and  KOH  The  active  layer  is  -^0.5  Mm  thick, 
and  the  tnP  barrier  layers  are  each  -2  Mm  thick 


Stripe -geometry  lasers  were  fabricated  by  a proton 
bombardment  technlque^^  similar  to  the  one  used  in 
preparing  GaAs.  GaAlAs  tasers  of  this  type.^*  The  as- 
grown  surface  of  the  upper  InP  layer  was  plated  with 
25-Mm-wide  Au  stripes  on  250-Mm  centers,  after  which 
this  surface  was  bombarded  with  a 2x10**  cm"*  dose  of 
180-keV  protons  While  the  areas  beneath  the  Au 
stripes  were  shielded  from  the  protons  and  therefore 
unaffected  by  the  bombardment,  the  unprotected  areas 
were  rendered  highly  resistive  to  a depth  ' I 8 pm. 
approximately  the  thickness  of  the  top  InP  layer  As  a 


result  of  this  treatment,  during  diode  operation  the 
current  was  confined  to  the  narrow  regions  that  had 
remained  low  in  resistance. 

After  bombardment,  the  Au  stripes  were  etched  off, 
and  the  wafer  was  lapped  on  the  substrate  side  to  a 
thickness  of  “-100  Mm  Contacts  were  made  by  evaporat- 
ing Au  Zn  (~  10  wt9l  Zn)  and  Au  Sn  ('*20  wt'if  Sn)  onto 
the  /)  and  «-type  sides,  respectively,  and  alloying  by 
means  of  a lO-sec  420  C drive-in  cycle.  The  wafer  was 
then  cleaved  into  bars  and  sawed  between  adjacent 
stripes  to  obtain  individual  diodes  A number  of  diodes 
found  to  have  pulsed  laser  thresholds  of  6 kA  cm*  or 
less  were  tested  for  cw  operation.  Each  of  these  de- 
vices was  mounted.  /)  side  down,  on  a type-IIA  diamond 
heatsink  that  was  mounted  on  a Cu  stud  embedded  in  a 
targe  Cu  block,  through  which  methanol  flowed  con- 
tinuously to  help  maintain  temperature  stability. 


To  measure  the  cw  diode  output,  the  light  emitted 
from  one  face  was  chopped  at  80  Hz  and  detected  by  a 
Si  solar  cell  (with  a calibrated  sensitivity  of  0.04  mA 
mW)  in  series  with  a 10 load.  The  voltage  across 
the  load  was  amplified  and  displayed  on  an  oscilloscope. 
The  measured  output  of  a typical  diode  is  plotted  against 
input  current  in  Fig.  2.  The  laser  threshold  is  seen  to 
be  ' 330  mA  («/,h  7. 5 kA  cm*).  At  a current  of  425  mA 
the  output  power  radiated  from  one  face  is  "“6  mW,  and 
the  corresponding  differential  efficiency  (rjo)  Is  ~ tO^I. 
The  lowest  cw  threshold  we  have  $0  far  obtained  Is  265 
mA  (Jt„^4.7  kA/cm*). 


For  pulsed  operation  of  the  ditxle  of  Fig  2 at  a very 
low  duty  cycle  (tOO-nsec  pulses.  75  pps)  the  values  of 


flO.  1.  Cleaved  eilge  of  GalnAsP  InP  dtmhU'  hetemst nietuie. 
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J^^  and  i)iy  are  4.3  kA/cm*  and  20^,  respectively.  The 
Increase  in  threshold  and  decrease  in  efficiency  with 
increasing  duty  cycle,  which  are  characteristic  of 
semiconductor  lasers,  are  attributable  to  heating.  We 
expect  to  achieve  a significant  reduction  in  heating  by 
using  Improved  contacting  techniques  to  reduce  the 
diode  series  resistance  (which  is  3 for  the  laser  of 
Fig.  2)  and  to  improve  the  heat  dissipation. 

For  broad *area  diodes  of  the  same  length  and  made 
from  the  same  wafer  as  the  diode  of  Fig  2,  the  pulsed 
threshold  Is  -4.9  kA/cm*  The  close  agreement  be- 
tween the  pulsed  thresholds  for  the  broad -area  and 
stripe -geometry  devices  indicates  that  losses  due  to  in- 
complete lateral  current  confinement  are  small  for  the 
25-Mni  stripe  laser.  The  minimum  stripe  width  that 
permits  effective  current  confinement  is  primarily 
determined  by  the  diffusion  length  of  injected  car- 
riers,^* which  had  not  been  accurately  determined  for 
the  GalnAsP  composition  used  here. 

Figure  3 shows  the  cw  emission  spectrum  obtained 
for  another  stripe -geometry  diode  just  above  threshold. 
The  diode  radiation  was  dispersed  by  a 1-m  spectrom- 
eter and  detected  with  a cooled  S-1  photomultiplier.  A 
broad  emission  band  of  - 250  4 like  the  one  shown  in 
Fig.  3 was  observed  for  a number  of  the  cw  lasers, 
although  others  had  bandwldths  as  narrow  as  150  A.  We 
do  not  know  the  origin  of  the  broad  emission,  which  is 
also  observed  for  some  heavily  Si -doped  GaAs  lasers, 
or  the  reason  for  the  bandwidth  variation  from  diode  to 
diode.  From  the  mode  spacing  of  -6.6  A in  Fig  3,  to- 
gether with  the  diode  length  of  -230  ^m,  the  effective 
index  of  refraction  (including  diSi)ersion  effects)  is  cal- 
culated to  be  -4.  i,  a typical  value  for  III-V  compounds. 

Now  that  their  cw  operation  at  room  temperature  has 
been  demonstrated,  the  GalnAsP  InP  DH  lasers  should 
be  seriously  considered  as  radiation  sources  for  com- 
munication systems  using  fiber  optics  These  lasers 
{like  the  GalnAsP  DH  lasers'*  that  emit  near  0.6  ^m) 
have  the  advantage  that  the  active  region  has  the  same 
lattice  constant  as  the  substrate  used  for  LPE  growth. 


FIG.  2.  Power  emitted  from  one  faee  of  a cw  GalnAsP  InP 
double-hetei'osiruetxire  diode  la.ser  as  a funetlon  of  Inixjt 
eurrcnt. 


FIG.  3.  Emission  spectrum  for  GalnAsP/InP  diode  laser 
operated  just  above  ihreshold. 

This  makes  preparation  considerably  simpler  than  in 
the  case  of  the  GaAsSb/GaAlAsSb  ® and  GalnAs  GalnP'* 
DH  lasers  emitting  near  1.0  pm,  both  of  which  require 
the  growth  of  Intermediate  composition -graded  alloy 
layers  in  order  to  adjust  the  lattice  mismatch  between 
the  substrate  and  the  active  region.  Since  lattice  match- 
ing to  InP  is  possible  for  GalnAsP  alloys  with  energy 
gaps  as  low  as  0.7  eV,  there  should  be  no  difficulty  in 
achieving  laser  emission  at  wavelengths  well  beyond 
1.1  pm  In  particular,  it  should  be  possible  to  fabricate 
lasers  emitting  at  1.25  pm,  the  wavelength  at  which 
some  glass  fibers  are  reported  to  exhibit  minimum  dis- 
persion * It  would  not  be  surprising  for  such  lasers  to 
have  still  lower  thresholds  than  those  reported  here, 
because  both  the  barrier  height  for  current  confinement 
and  the  refractive  index  discontinuity  for  optical  guiding 
will  increase  as  the  alloy  energy  gap  decreases 
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for  helpful  discussions  and  M J Button,  T A Lind, 
and  R Brooks  for  technical  assistance  during  this  work. 


‘Work  sponsored  by  Ihe  Deparlmenl  of  Ihe  Air  Force. 

‘A.P.  Bogaiov,  L.  M.  Doiginov,  L.  V.  Druzhintna,  P.G. 
Eliseev,  B.  N.  Sverdlov,  and  E.G.  Shevchenko,  Sov.  J. 
Quantum  Electron.  4,  1281  (1975). 

‘A.  P.  Bogaiov,  L.M.  Doiginov,  P.G.  Eliseev,  M.G. 
Mli’vldsky,  B.N.  Sverdlov,  and  E.G.  Shevchenko,  Flz.  Tekh. 
Tekh.  Poiuprov.  9,  1956  (1975). 

M.J.  Ilsleh,  .Appi.  Phys.  Utt.  28,  283  (1976). 

'L.G.  Cohen,  P.  Kaiser,  J.  B.  MacChesney,  P.B.  O’Connor, 
andH.M.  Presby,  Appl.  Phys.  Lett.  26,  472  (19715). 

^D.  N.  PavneandW.A.  Gambling,  Eleclron.  Letl.  11,  176 
(1975). 

*1.  Ilavashl,  M.B.  Panlsh,  P.W.  Foy,  and  S.  Sumskl,  Appl. 
Phys!  Letl.  17,  109  (1970);  7h  I.  Alferov,  V.M.  Andreev, 

D.  Z.  Garbuzov,  Y.V.  Zhliyacv,  E.P.  Morozov,  E L. 
Portnoi,  ami  V.G.  Trofim,  Sov.  Phvs. -Semicond.  4,  157.3 
(1971). 

^B.  I.  Miller,  J.E.  Ripper,  J.C.  Dvment,  E.  Pinkas,  and 
M.B.  Panlsh,  Appi.  Phys.  Lett.  18,  403  (1971).  The  emis- 
sion from  these  devices  was  shifted  to  shorter  w'avelcnglhs 
bv  using  G.aAiAs  allovs  for  the  active  region. 


710 


Appl.  Phys.  Lett..  Vol.  28,  No.  12.  15  June  1976 


Hsieh,  Rossi,  and  Donnelly 


710 


*R  E.  NahorVi  M.A.  Pollack,  E.I).  Beebe,  J.  C.  DeWlnler, 
andR.W.  Dixon,  Appl.  Phvs.  28.  19  097r,). 

’j.  J.  Hsieh,  J.  Cn  st.  Growth  27,  49  (1974). 

Blom  andJ.M.  Woodall,  Appl.  Phvs.  I^lt.  17,  :m 

(1  970). 

"A.G.  Fovl,  W.T.  Undlev,  (\M.  Wolfe,  andJ.P.  Donnellv, 
Solid-State  Electron.  12,  209  (1969). 

‘•J.C.  Dyment,  L.  A.  D’Asaro,  J.C.  North,  B.l.  Miller,  and 


J.E.  nipper,  Proc.  IEEE  60,  72f>  (1972). 

’^B.W.  llakkl,  J.  Appl.  Phvs.  44,  5021  (1979). 

"J.A  Ro.ssl  and.I.J.  Hsieh,  Appl.  Phvs.  l.ott.  21,  287 
(1972). 

'‘AV.R.  Hitchens,  N.  llolonvak,  Jr.,  P.  I).  Wright,  andJ.J. 

Coleman,  Appl.  Phvs.  U*tt.  27,  245  (1975). 

’V.J.  NueseandG.M.  Olson,  Appl.  Phvs.  l^elt.  26,  .>2H 
(1975). 


711 


711 


Applied  Physics  Letters.  VoL  28.  No.  12.  1 B June  1976 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (9hen  Data  Entered) 


REPORT  DOCUMENTATION 

PAGE 

RKAl)  1N.STRUCT10NS 

BEFORK  COMPLETING  FORM 

1.  REPORT  NUMBER 

ESD-TR-77-171 

2.  GOVT  ACCESSION  NO. 

3.  RECIPIENT'S  CATALOG  NUMBER 

4-  1\JLE  (and  Subtitle) 

Electrooptical  Devices 

5.  TYPE  OF  REPORT  & PERIOD  COVERED 
Semiannual  Technical  Summary 

1 October  1976  - 31  March  1977 

6.  PERFORMING  ORG.  REPORT  NUMBER 

7.  AUTHOR^<!^ 

8.  CONTRACT  OR  GRANT  NUMBER^'/ 

Ivars  Melngailis  and  Arthur  G.  Foyt,  Jr. 

5^9628-76-0-0002 

9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

Lincoln  Laboratory,  M.I.T. 

P.O.  Box  73 

Lexington,  MA  02173 

10.  Program  element,  project,  task 

AREA  & WORK  UNIT  NUMBERS 

Program  Element  Nos.  62 702 F 
and  61102F 

Project  No.  261104 

11.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

12.  REPORT  DATE 

Rome  Air  Development  Center 

31  March  1977 

Griffiss  AFB,  NY  13440 

13.  number  of  pages 

36 

74.  monitoring  agency  name  & ADDRESS  ^i/  different  from  Controlling  Office) 

15.  SECURITY  CLASS,  (of  this  report) 

Electronic  Systems  Division 

Hanseom  AFB 

Unclassified 

Bedford,  MA  01731 

15a.  DECLASSIFICATION  DOWNGRADING 

SCHEDULE 

16.  DISTRIBUTION  STATEMEN  T ^o/ fAis  Report) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  fof  the  abstract  entered  in  Block  20,  if  different  from  Report) 


18.  SUPPLEMENTARY  NOTES 


None 


19.  KEY  WORDS  (Continue  on  reierse  side  if  necessary  and  identify  by  block  number) 

electrooptical  devices  proton  bombardment  ion  implantation 

avalanche  photodiodes  double -heterostructure  GalnAsP/lnP  lasers 


20.  ABSTRACT  (Continue  on  reverse  side  if  nece  ssary  and  identify  by  block  number) 

1he  current  objectives  of  the  electrooptical  device  program  are:  (1)  to  |x?rform  life  tests  on 
GalnAsP/InP  double-heterostructure  (DU)  diode  lasers  operating  in  the  l.O-  to  l.2-pjii  wavelength 
region  and  analyze  the  degradation  mechanisms,  and  (2)  to  fabricate  and  study  avalanche  piiotodiodes 
of  similar  composition  GalnAsP  operating  in  the  same  w'avelengtii  region. 

In  the  diode  laser  part  of  the  program,  11  DH  GalnAsP/InP  lasers,  o[x?rating  continuously  at 
room  temperature,  have  been  placed  on  life  test.  Tlie  first  three  devices,  fabricated  from  one 
wafer,  have  logged  over  4(X)0,  3600,  and  3200  hours,  respectively,  w ithout  degradation,  and  are 
still  in  operation.  Ihe  eight  devices  fabricated  from  rvvo  additional  wafers  also  show  no  evidenee 


DD 


FORM 
1 JAN  73 


1473 


EDITION  OF  1 NOV  65  IS  OBSOLETE 


UNCLASSIMEO 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Vhen  Data  Entered) 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (9hen  Data  Entered) 


20.  ABSTRACT  {(.ontinurd) 

ot  internal  degradation.  However,  a laser  end-face  contamination  problem  is  present  in  several  of 
the  newer  devices,  Altliough  this  contamination  can  be  removed  from  most  of  the  devices  by  simple 
cleaning,  improved  fabrication  procedures  arc  currently  being  developed  to  eliminate  the  sources 
of  tlic  contamination, 

llic  p-n  junction  location  in  DH  GalnAsP/lnP  diode  lasers  has  been  determined  by  use  of  a 
scanning  electron  microscope.  Even  tliough  undoped  or  Sn-doped  quaternary  layers  are  n-type  if 
grown  on  insulating  substrates,  die  quaternary  layers  in  die  lasers  arc  p-type,  presumably  due 
to  Zn  diffusion  from  the  Zn-doped  InP  capping  layer. 

As  part  of  the  avalanche  photodiode  program,  proton  bombardment  and  ion  implantation  in 
InP  have  been  investigated  for  use  in  diode  faiirication,  A study  of  proton  bombardment  in  InP 
indicates  that  the  resistivity  of  n-type  InP  can  be  increased  only  to  a level  of  about  10^  f2-cm, 
while  the  resistivity  of  p-ty^xi  InP  can  be  increased  to  >10^  f2-cm  for  an  optimum  multiple -energy 
dose  or  an  optimum  combination  of  dose  and  post-bombardment  anneal.  The  results  can  be 
explained  by  a model  wliich  assumes  that  the  proton  bombardment  creates  both  deep  donor  and 
deep  acceptor  levels, 

1 he  ion  implantation  of  Sc,  Si,  Be,  Mg,  Cd,  and  Fc  in  InP  is  under  investigation.  As  ex- 
pected, Se  ami  Si  implants  followed  by  a 750®C,  l5-min,  anneal  result  in  n-type  layers,  while 
Be,  Mg,  and  Cd  implants  follow eti  by  a similar  anneal  result  in  p-type  layers.  Implantation  of 
Fe  has  lx:en  found  to  lx?  quite  effective  in  creating  high-resistivity  layers  in  n-type  InP,  A 
multi-energy  F’c  implant  in  n-type  InP  (n  « 4 x I0l6  cm"3)  followed  by  annealing  at  725°C  for 
15  min.  yields  layers  with  a resistivity  of  approximately  10^  f2-cm. 

hi  the  liquid-phase  epitaxy  (LPE)  of  InP  for  avalanche  photodiodes,  a high  distribution  co- 
efficient impurity,  identified  as  silicon,  has  been  shown  to  be  a key  problem  in  achieving  re- 
quired high-purity  layers.  It  was  found  not  only  that  the  Si  concentration  of  as-received  In  is 
too  high,  Ixit  also  that  the  LPE  growth  solution  can  be  contaminated  with  Si  through  direct  or 
indirect  contact  with  quartz  if  a strongly  reducing  gas  such  as  dry  is  present  in  the  growth 
tube. 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Vhen  Data  Entered) 


